Cellulose is becoming a super-material due to its excellent properties and renewability. Understanding its resistance to chemical treatments is important to boost the usage and accessibility. In this study, oil palm trunk fibre (OPTF) was pretreated with NaOH and NH 4 OH either in an autoclave or in a water bath. The optimised alkaline pretreated samples were then subjected to acid treatment with acetic acid (AA). The results showed the highest delignification was achieved by using 12% of NaOH via the autoclaving process, with 10685.4 mg/L of lignin and 7.8% of acid insoluble lignin (AIL). The Fourier-transform infrared (FTIR) analysis confirmed the removal of lignin by the reduction of the peaks at 1250 and 1750 cm -1 , representing C=O and C-O-C, respectively, from lignin. The delignification was pronounced when concentrated AA was used and the lignin-to-cellulose ratio decreased to about 52%. Other than lignin, amorphous celluloses were also removed during the AA treatment, causing an increment in the crystallinity index (CrI) and crystallite size (L). Consequently, the AA treatment had led to the depolymerisation of crystalline cellulose and affected the viscosity-average molecular weight (M η ).
INTRODUCTION
Cellulose can be turned into valuable products and is considered a sustainable green material. Some of the products made from cellulose include filter membranes, 1 hydrogels, 2 food additives, 3 pharmaceuticals, 4 microspheres 5 and composites. 6 In Malaysia, generating cellulose from oil palm trunk fibre (OPTF) will be economical because it is an eco-rich source; the oil palm biomass accounts for 85.5% wastes every year. 7 The National Biomass Strategy 2020 hopes this waste could be channelled into higher value uses and increase the gross national income (GNI) of the country. Moreover, utilising OPTF waste into valuable products may reduce the carbon dioxide sequestration from the atmosphere. Substantially, the development of cellulose extraction that is environmentally friendly and produces zero pollution should be imposed.
Biomass comprises three complex organic polymers, namely, cellulose, hemicellulose and lignin. The biomass is primarily found in the plant cell wall, with lignin concentrated in the outer part of the cell wall, cellulose within the lignin shells, and hemicellulose within the cellulose and between the cellulose and lignin. 8 These complex organic polymers are strongly linked to one another through hydrogen and covalent bonds to form a complex molecular organisation in lignocellulosic biomass. For instance, cellulose and lignin are attached together primarily through the ether bond. 9 Out of the three complex organic polymers, cellulose has favourable properties, such as hydrophilicity, chirality, versatile semicrystallinity, and great stiffness. 10 There are intraand intermolecular hydrogen bonds in cellulose, as well as between the hydroxyl group and cyclic oxygen that are linked by β-1,4-glycosidic bonds, 11 contributing to the crystalline and amorphous structures in cellulose.
Cellulose has a specific structure due to its dense hydrogen-bond network, causing it to be resistant to chemical transformations. 12 Therefore, various treatment methods have been reported to break the tight hydrogen-bond network for chemical transformation, for example, using biological processes, 13 steam pressure, 14 acid hydrolysis, 15 alkaline hydrolysis, 16 liquid hot water extraction, 17 and ammonia treatment. 18 Concentrated and strong chemical treatment has been used to enhance the disruption of the biomass. This treatment helps to cleave the complex bonding between and within the cellulose, lignin and hemicellulose, making the biomass more accessible. 19 However, such a method can be costly and hazardous because of the toxic and corrosive nature of the chemicals used. 20 As such, mild and dilute chemical treatment has become an attractive alternative for biomass modification.
On the other hand, heat transfer is also introduced during the modification either by convection, conduction or radiation. 21 Moreover, the use of high technology treatment of biomass, such as microwave, ultrasound and high voltage electrical discharge, has gained considerable attention nowadays. The purpose is to enhance the efficiency of conventional treatments and minimise the environmental impacts and energy consumption. For example, sorghum stalk treated with 1% NaOH under autoclaving at 121 °C and 15 psi for 30 min has shown the lowest acidinsoluble lignin content with only 2.1%. 22 Meanwhile, Nomanbhay et al. 23 have succeeded in removing 74% of lignin from oil palm empty fruit bunch fibre by using the microwave treatment. This is because the microwave treatment provides energy efficiency to the process, in which electromagnetic radiation is directed to the biomass, thus generating uniform heat. 24 In this study, the changes in the physical and chemical behaviours of the OPTF have been investigated during the alkali and acid treatments. It is believed that the proposed procedure is simple enough and the obtained solid containing the cellulosic part has a potential for industrial application.
EXPERIMENTAL

Materials and chemicals
OPTF was obtained from Leong Brothers Earthworks Construction, Kluang, Johor; while the standard soda lignin, sodium hydroxide (NaOH), ammonium hydroxide (NH 4 OH) (30%), acetic acid (CH 3 COOH) (99%), sulfuric acid (H 2 SO 4 ) (72%), ethylenediamine (C 2 H 8 N 2 ) (99%), cadmium oxide (CdO) were purchased from Sigma-Aldrich.
Alkali pretreatment
The OPTF was washed with ethanol, acetone and distilled water thoroughly and dried overnight in an oven at 105 °C. The fibre was ground to powder. About 2.5 g of the powder was mixed in 25 mL of NaOH (4, 8 and 12% w/v) and then heated in an autoclave at 100 °C and 15 psi for 1 h. Also, 2.5 g of the powder was mixed in 25 mL of NH 4 OH (4, 8 and 10% w/v) and then heated in an autoclave at 100 °C and 15 psi for 1 h. On the other hand, 1 g of the powder was mixed in 100 mL of NH 4 OH (6, 8 and 10% w/v) in a water bath at 100 °C. After 1 h of reaction, the solid fraction (SF) was washed with distilled water until the pH became neutral, and dried at 90 °C overnight. Both solid fractions (SF) and liquid fractions (LF) were collected and stored for acid treatment prior to analysis.
Acid treatment
A total of 0.2 g resultant SF was added into 5 mL of CH 3 COOH (10, 30, 50 and 100% w/v) and underwent reaction by using a microwave reactor system (Explorer PLS, Focused Synthesis Instrumentation). The treatment was performed at 110 °C for 15 min. Later, the samples were washed with distilled water until they were neutralised, and then dried at 90 °C overnight. The samples were labelled as 10% AA OPTF, 30% AA OPTF, 50% AA OPTF, and 100% AA OPTF, and stored in a desiccator before analysis.
Delignification
The concentration of lignin in the LF was measured by a spectrophotometer (JENWAY UV-Vis 7315) at 230 nm. Meanwhile, the determination of the lignin content in the SF was examined according to the standard method described in TAPPI T 222.
Fourier-transform infrared spectroscopy (FTIR)
The FTIR spectra of 3 mg untreated, alkali pretreated and acid-treated OPTF were recorded using an FTIR spectrometer (Perkin Elmer Spectrum 400) to observe the changes in the functional group. The transmittance mode and a scanning number of 32 s were selected in the range from 4000 to 600 cm −1 . The spectra were normalised to 1 in the absorption band from 4000 to 600 cm −1 . The ratio of lignin to cellulose, R, of the untreated, alkali pretreated and acid-treated OPTF was determined as follows: R = (A 1504-1507 )/(A 1371-1374 ), as the area ratio of 1504-1507 cm −1 (A 1504-1507 ) and 1371-1374 cm −1 (A 1371-1374 ) bands.
X-ray diffraction (XRD)
The crystallinity index (CrI) and crystallite size (L) of the untreated, alkali pretreated and acid-treated OPTF were characterised using an XRD (Bruker D8 Advance Madison, WI, USA). The XRD was performed using radiation of Cu Kα = 1.5458 Ǻ at a diffraction angle (2θ) ranging from 10 to 60°. The diffraction profiles were carried out with a Gaussian function to determine the CrI of the samples. The CrI of the samples were determined using Bruker Advanced X-Ray Solutions software, DIFFRAC PLUS Evaluation (EVA) by: CrI (%) = A Crystal /A Total . The crystallite size (L) of the samples was calculated using the Scherrer equation: L = Kλ/βcosθ, where K represents a constant value of 0.94, λ is the X-ray wavelength of 0.1542 nm, β is the half-height width of the diffraction band, and θ is the Bragg angle that corresponds to the (002) plane.
Viscosity-average molecular weight (M η )
The viscosity-average molecular weight (M η ) of the untreated, alkali pretreated and acid-treated OPTF was determined in a cadoxen solution at a temperature of 25 °C, using an Ubbelohde tube capillary viscometer. The samples were dissolved at a concentration of 3 × 10 -3 g.mL -1 and diluted for five times to achieve a concentration ranging from 1 to 3 × 10 -3 g. Table 1 shows the results for lignin concentration and AIL percentages obtained after the alkali pretreatment. The lignin concentration was found to be higher, when a high concentration of the pretreatment agent was used; this is applicable for sodium and ammonia-based alkali. Using NaOH, the extracted OPTF lignin increased from 10273.4 to 10685.4 mg.L -1 and from 62.5 to 2094.0 mg.L -1 using NH 4 OH; NaOH treatment led to the highest lignin removal. This is because NaOH is classified as a strong base, thus having higher reactivity than NH 4 OH. The OHfrom NaOH showed the presence of a stronger agent to attack the ester and/or ether linkages between the: (i) carbohydratecarbohydrate; (ii) carbohydrate-lignin; and (iii) lignin-lignin ( Fig. 1) . 25 A study done by Minmunin et al. 26 reported that NaOH has a better ability to disrupt the biomass cell wall and is capable of eliminating 63.4% of lignin from bana grass.
RESULTS AND DISCUSSION Delignification
On the other hand, the OPTF lignin was significantly higher when extracted in the autoclave rather than in the water bath. As the NH 4 OH concentration was increased from 4 to 12% in the autoclave treatment, the lignin concentration also increased from 881.2 to 2094.0 mg.L -1 . However, the removal of lignin in the water bath treatment showed insignificant changes, namely, between 62.5 to 64.0 mg.L -1 . Autoclaving causes the sample to experience rapid thermal expansion, 27 which helps in the disintegration of the OPTF. Conversely, the heat was transferred directly and only contacted in the base of the sample by using the water bath. Besides that, the effectiveness of removing lignin was further assisted by the pressure developed in the autoclave process at 15 psi. Pressure causes the disassembly of the OPTF structure, allowing extensive penetration of the alkali to break the bonds between lignin and cellulose. 28 The sample in the water bath was said not to be entirely surrounded in all directions by the alkali, hence, it only removed a small amount of lignin. This finding is supported by a study by Barua and Kalamdhad, 21 which demonstrated better delignification, of 50%, for water hyacinth using the autoclave treatment, as compared to that using the water bath one (45%). Assessing the acid insoluble lignin, AIL, is a method to determine the lignin in the fibres that is insoluble in sulfuric acid. Based on Table 1 , the AIL content of untreated OPTF was 20.7%. It was observed that the AIL content dropped from 16.6 to 7.8% with increasing NaOH concentration, indicating that higher lignin removal occurred. However, the percentage of reduction was less pronounced with the NH 4 OH treatment either by using the autoclave (18.8 to 15.8%) or by the water bath (14.2 to 18.2%). From all the alkali pretreatment methods, NaOH 12% in the autoclave was the best condition for delignification, thus the sample subjected to this optimised method was then subjected to an acetic acid (AA) treatment. Figure 2 shows the FTIR spectra of the OPTF, NaOH pretreated and AA treated OPTF. The spectrum of the untreated OPTF is different from that of the treated OPTF, but among the AA treated samples, the patterns of the spectra are similar. The peak at 3339 cm -1 represents the OH stretching at C6 position, 29 while the peak observed at 2900 cm -1 stands for -CH stretching of methylene groups in cellulose. 30 The C=O stretching peak can be seen at 1750 cm -1 , which is assigned to uronic and ester groups in the hemicellulose or ester groups found in p-coumaric acid of lignin. 31, 32 This peak reduced after the alkali and acid treatments, suggesting that the interruption of the lignin-carbohydrate linkages has occurred. Subsequently, this phenomenon has improved the cellulose digestibility. 33 The peak at 1640 cm -1 was assigned to the carboxylate groups, while the peak at 1505 cm -1 was attributed to the polymer structure of the aromatic lignin group (C=C). 32 The functional group of C-O-C corresponds to the ether groups in lignin, which are present at 1250 cm -1 and 1050 cm -1 . 34 The reduction of this peak after the alkali and acid treatments was correlated with the partial removal of lignin in the OPTF, as the ether groups between lignin and cellulose were broken. Next, the peak at 1371 cm -1 was assigned to the cellulose crystallinity, indicating -CH bending. 35 The peak at 913 cm -1 was ascribed to β-glycosidic bonds, as well as to the amorphous area of the cellulose. 8 The changes during the AA treatment have been confirmed by determining the lignin-tocellulose ratio of the samples. The band area at 1504-1507 cm -1 , assigned to the total content of the lignin component (aromatic skeletal vibration), and at 1371-1374 cm -1 , representing the C-H in cellulose, was measured. Table 2 shows the ratio of lignin to cellulose, R, of the OPTF before and after the treatment. From the results, the R measured in the initial OPTF was 2.83, this is due to the presence of a high amount of lignin. However, the ratio decreased from 2.78 to 1.32 after OPTF underwent the alkali and AA treatment, respectively. This proves the decrement in the lignin content caused by the disruption and disintegration of the OPTF. Figure 3 shows the X-ray diffractogram of the OPTF samples in this study. The analysis reveals that all the samples presented a major peak at 22° and a minor peak at 16°. These two peaks are labelled in the diffractogram, and assigned to the crystallographic planes of (200) and (110), respectively. Both peaks are correlated with the crystalline structure of cellulose type I. 36 As observed in the X-ray diffractogram, the intensity of the major and minor peaks increased with the increasing concentration of AA, suggesting that the AA treatment is able to enhance lignin and/or hemicellulose removal from OPTF. 37 The relative amount of the crystalline region can be estimated by the CrI values from the XRD, as indicated in Table 3 . The CrI of OPTF was 30.3% and reduced to 17.6% upon the alkali pretreatment. This is related to the removal of lignin from the sample. However, CrI increased gradually from 17.6% to 24.4% with increasing AA concentration from 10 to 100%. The high CrI indicates that more accessible amorphous regions in cellulose were removed by the AA treatment, leading to a realignment of the cellulose molecules. Similar results have been reported by Padzil et al., 38 showing that the CrI of acid-treated kenaf increased from 15 to 22%.
Functional groups analysis
Crystallinity analysis
The results for the crystallite size, L, of the OPTF are tabulated in Table 3 . The initial L of OPTF was 3.02 nm and it increased to 3.63 nm after the alkali pretreatment. As the AA concentration increased, the L value also increased from 3.63 to 3.81 nm. The alkali pretreatment helps in the removal of lignin, which eventually releases the individual cellulose crystallite. The increased L and CrI values upon acid treatment were due to the reduction in the amorphous regions of the OPTF cellulose. This is because the amorphous regions are easily disrupted, forcing the cellulose to reorganise and form larger crystallite sizes. This result is in good agreement with Gurgel et al., 39 who showed that L increased over time. This increasing trend of L suggests that a more dense cellulose crystalline structure was present after the amorphous regions were removed during the AA treatment.
Viscosity-average molecular weight
The viscosity-average molecular weight values, M η , of OPTF, NaOH pretreated and AA treated OPTF are summarised in Table 4 . The initial M n for OPTF (13.01 × 10 4 ) was higher compared to that of the alkali pretreated one (9.23 × 10 4 ). The finding depicted that the alkali pretreatment has led to lignin reduction, hence, reduced the M η value. Furthermore, the increased AA concentration resulted in a further reduction in M η to 2.36 × 10 4 . AA treatment promotes the depolymerisation of cellulose chains as the chains are broken down. Consequently, this damages the chain lengths 40 and makes cellulose susceptible to be converted into other valuable materials. According to Lelekakis et al., 41 the protonation of cellulose will take place upon the addition of acid, hence initiating the inter-and intramolecular chain-breaking, as proposed in Figure 4 . The cellulose will accept a proton from the acid and share an electron with the oxygen on the cellulose. After the proton has been donated, the water molecule will attack the carbon on the cellulose, causing the chain to break. Lower M η in AA treated OPTF confirms the occurrence of cellulose chainbreaking, as cellulose depolymerisation depends on the concentration of acids. 
CONCLUSION
Alkali pretreatment in NaOH solution, by the autoclaving system, can delignify OPTF more efficiently. At a range of 4-12% NaOH, the pretreatment process is able to decrease the OPTF lignin content from 20 to 62%. The peak reduction in FTIR suggested that the ether groups between lignin and cellulose were broken because of the stronger OHion attack. In addition, the R value of the OPTF was reduced from 2.78 to 1.32, as the concentration of AA increased from 10 to 100%. However, the CrI increased gradually from 17.64% to 24.42%. The increased L and CrI values upon AA treatment were due to the reduction in the amorphous regions of OPTF cellulose, forcing the cellulose to reorganise and form larger crystallite sizes. AA treatment causes chain-breaking in cellulose, hence, allowing amorphous cellulose digestibility and cellulose realignment as the M η values decreased from 4.52 to 2.36 × 10 4 .
